Relationships have been investigated between gene transcript abundance, enzyme activities and storage product accumulation in developing maize (Zea mays L.) kernels from 10 to 55 days postpollination (DPP). At the early stages of kernel development, there was very little increase in dry weight but kernels accumulated high concentrations of sugars and amino acids. At the end of this 'lag' phase (at 15 DPP), many transcripts appeared with little evidence of their translation. The initiation of the kernel-fill period at 20 DPP was characterized by a sudden rise in total RNA, increases in enzyme activities, and the initiation of storage product accumulation. Zein accumulation during this phase was highly correlated with a-zein transcript abundance. Starch accumulation was correlated with both the activity of ADP-GIc pyrophosphorylase and the abundance of gene transcripts encoding this enzyme {Shrunken -2 and Brittle-2). DNA content of kernels increased linearly up to 30 DPP as a result of endoreplication, but had no apparent relationship to gene expression. DNA may accumulate as a storage product. Kernel-fill terminated when the moisture content fell below 36% and was marked by a decline of transcripts and a reduction of enzyme activities.
Introduction
The early stages of maize (Zea mays L.) kernel development are characterized by rapid cell division, DNA replication, and cell wall formation (Wilson, 1979) . This phase, from zero to about 15 DPP, is sometimes referred to as the lag phase of kernel development as very little dry weight accumulates. During this phase, nearly all endosperm cell division occurs (Kowles and Phillips, 1988) . Endoreplication of nuclear DNA in the endosperm results in cells with ploidy levels several times their original triploid level (Kowles and Phillips, 1985) . The developmental significance of this endoreplication is not understood.
After about 15 DPP, the kernel-fill period of development begins (Ingle et al., 1965) . Activities of many enzymes rise quickly and starch and storage proteins begin to accumulate in the endosperm (Tsai et al., 1970; Ozbun et al., 1973; Ou-Lee and Setter, 1985; Doehlert et al, 1988; Prioul et al., 1990) . The embryo also gains dry weight, accumulating primarily oil as a storage product (Ingle et al., 1965) . Kernel-fill continues until about 40-50 DPP.
The final stage of kernel development involves its desiccation, the shutdown of biosynthetic processes, and the induction of quiescence in the seed. Evidence indicates that the shutdown of biosynthesis and induction of quiescence in seeds is driven largely by the loss of water from the kernel (Kermode and Bewley, 1985; Comai and Harada, 1990) .
Several studies have examined expression of azein genes (Marks et al., 1985; Kriz et al., 1987) and y-zein genes (Prat et al., 1987; Cruz-Alvarez et al., 1991) during maize kernel development. In general, these studies have shown the highest abundance of transcripts at around 15 DPP. Ober et al. (1991) measured transcript abundance for the a-zein, Shrunken-1 and Waxy genes from 9 to 15 DPP and found that transcripts for these genes increased during this period.
Despite the considerable interest in maize kernel development, many aspects of the process remain unclear. We have been particularly interested in relationships between gene expression during kernel development, DNA endoreplication, gene product accumulation and the synthesis of storage products. In this study, we have examined transcript abundance of six different genes important to carbohydrate and protein accumulation, and have measured relative copy number for these from 10 to 55 DPP. We have also measured activities of 17 enzymes central to kernel development and have made compositional analyses throughout this period.
Materials and methods

Plant material
Maize (Zea mays L. inbred line OH43) was grown in the field in Peoria, Illinois, USA in the summer of 1990. Ears were self-or sib-pollinated and were harvested at 10, 15, 20, 25, 30, 40 and 55 DPP. Kernels were removed from ears immediately after harvest and stored at -80°C until used. Tissues used for enzyme extractions and compositional analyses were first lyophilized, then ground into a fine powder with a mortar and pestle.
Enzyme and carbohydrate analysis
Enzyme extractions and assays were performed as described by Doehlert et al. (1988) and Doehlert and Kuo (1990) . Enzymes were extracted by homogenizing 0.2 g powdered lyophilized tissue in 4 ml extraction buffer containing 50 mM Hepes (pH 7.2), 5 mM MgCl 2 , and 5 mM DTT and centrifuged at 10 000 g for 15 min.
Sucrose synthase (EC 2.4.1.13) activity was determined in the direction of sucrose cleavage by an assay described earlier (Doehlert, 1990) . Insoluble invertase was assayed by a modification of a method described earlier (Doehlert and Felker, 1987) . Pellets were resuspended in 40 mM acetate-NaOH and then centrifuged to wash away residual sugars. The washed pellets were then resuspended in 1 M NaCl, 40 mM acetateNaOH (pH 5.0). Fifty |il aliquots were removed, including bits of resuspended pellet, and mixed with the assay mixture containing 200 mM sucrose in 100 mM acetate-NaOH (pH 5.0). Duplicate assays were terminated after 10 min by placing tubes into a boiling water bath for 3 min. Blanks were terminated at zero time. Glucose produced was determined by the glucose oxidase method (Doehlert and Felker, 1987) . Pullulanase (EC 3.2.1.41) was assayed by the procedure of Doehlert and Knutson (1991) .
The enzymes pyrophosphate: ADP-Glc pyrophosphorylase (EC 2.7.7.27), phosphofructokinase (EC 2.7.1.11), phosphoglucoisomerase (EC 5.3.1.9), D-fructose 6-phosphate 1-phosphotransferase (EC 2.7.1.90; PFP), aldolase (EC 4.1.2.13), UDP-Glc pyrophosphorylase (EC2.7.7.9),phosphoglucomutase (EC 2.7.5.1), glucokinase (EC 2.7.1.11), fructokinase (EC 2.7.1.4), L-alanine aminotransferase (EC 2.7.7.27), L-aspartate aminotransferase (EC 2.6.1.1), and NAD-dependent sorbitol dehydrogenase (EC 1.1.1.14) were assayed by continuous spectrophotometric assays where product formation was coupled with either NAD reduction or NADH oxidation and A 34O monitored as described in detail in earlier reports (Doehlert et al., 1988; Doehlert, 1990) . All enzyme assays were conducted at 30°C. One unit of activity is defined as the activity necessary to produce 1 umol of product in one min at 30°C.
Starch and soluble sugars were determined as described by Doehlert et al. (1993) . Amino acids were analysed from the same ethanol soluble fraction containing soluble sugars fraction by ninhydrin staining (Hecht et al., 1988) . Total N and zein N were determined by the methods described by Singletary et al. (1990) .
RNA extraction and hybridization
Total RNA was extracted and purified as described by Doehlert and Kuo (1994) . For RNA gel blot analyses, amounts of RNA (15-55 ug) loaded onto each lane were standardized to that recovered from 45 mg fresh weight tissue. Formaldehydeagarose gels were cast and electrophoresis was performed according to Sambrook et al. (1989) . After electrophoresis, RNA was blotted on Zeta-Probe nylon membrane (Biorad, Richmond, CA) with a Stratagene Posiblot Pressure blotter (La Jolla, CA) for 60 min at 75 mm Hg according to the manufacturer's instructions.
Plasmids containing maize DNA fragment inserts were linearized by restriction digestion and the inserts were separated from plasmid DNA by agarose-gel electrophoresis (Sambrook et al., 1989) . Inserts were identified by their molecular size and purified from the agarose with a Quaigen kit (Studio City, CA). Isolated inserts were radiolabelled by random priming (Sambrook et al., 1989) using 32 P-dCTP. Radiolabelled DNA fragments were used to probe RNA blots according to the conditions described by Doehlert and Kuo (1994) . Label was localized and quantified using the AMBIS Radioanalytic Imaging System (AMBIS Systems, Inc., San Diego, CA). Results are expressed as counts kernel '.
A cDNA clone of Shrunken-! (pZMcl 106) encoding maize sucrose synthase-/ and a cDNA clone of aldolase (pZMcll54; Kelley and Tolan, 1986) were obtained from Dr. P. Kelley (University of Nebraska, Lincoln, NE). A cDNA clone of the maize Waxy gene, encoding the starch-granule bound starch synthase, was obtained from Dr. S. Wessler (University of Georgia, Athens, GA). A cDNA clone of Shrunken-2 (pES6-66) and of Brittle-2 (pES6-75), encoding the two subunits of ADP-Glc pyrophosphorylase (Barton et al., 1986) , were obtained from Dr. C. Barton (ESCAgenetics, San Carlos, CA) . A genomic clone of oc-zein (pZ19abl; described as ZG99 by Pedersen et al., 1982) was supplied by Dr. B. A. Larkins (University of Arizona, Tuscon, AZ).
DNA extraction and quantification
DNA was extracted by a modification of the method of Dellaporta et al. (1983) . Approximately 1 g fresh weight of kernels was ground to a fine powder in liquid nitrogen with a mortar and pestle and DNA was extracted with 15 ml extraction buffer, consisting of 100 mM Tris-HCl (pH 8.0), 50 mM EDTA, 100 HIM NaCl, 5 HIM DTT, and 1% SDS. The mixture was then incubated at 65°C for lOmin in a water bath, after which 5 ml 5 M potassium acetate was added and it was incubated at 0°C for 20 min to precipitate the SDS. Tubes were centrifuged at 20 000 g for 20 min and the supernatants were poured into fresh polycarbonate tubes containing 1 ml 5 M ammonium acetate and 10 ml isopropanol to precipitate the DNA. DNA was pelleted by centrifugation at 20 000 g for 15 min. Supernatants were discarded and pellets were redissolved in 700 ul 50 mM Tris-HCl (pH 8.0), 10mM EDTA. DNA was then transferred to 1.5-ml Eppendorf tubes which were centrifuged and supernatants transferred to new tubes. DNA was precipitated with 75 ul 3 M sodium acetate and 500 ul isopropanol. Dried pellets were dissolved in 100 ul 100mM TrisHCl (pH 8.0), lmM EDTA and stored at -80°C.
DNA was quantified in crude extracts by fluorometry after staining with bisbenzimide (2mg 1 '), as described by Labarca and Paigen (1980) using the Hoefer TKO-100 Mini-Fluorometer (Hoefer Scientific Instruments, San Francisco, CA). Purified maize kernel DNA was initially quantified by UV absorbance, then used to generate a standard curve for fluorescence with bisbenzimide. DNA in crude extracts was quantified from the fluorescence of DNA bisbenzimide complexes, as compared to the standard curve.
DNA dot blots were made by blotting 15 ug DNA per dot onto Zeta-probe membrane (Bio-Rad Laboratories, Richmond, CA) according to manufacturer's instructions. DNA blots were hybridized with radiolabelled probes as for RNA blots.
Correlation analysis was done with the ABSTAT computer program (AndersonBell, Parker, CO).
Results
Very little kernel dry weight accumulated prior to 15 DPP (Fig. 1) . Soluble sugar concentrations were highest at the earliest stages of development and decreased throughout development (Fig. 1) . Amino acid concentrations increased from 10 to 20 DPP and decreased at all subsequent developmental points (Fig. 1) . Kernel-fill began after 15 DPP, as evidenced by the accumulation of dry weight, starch, total protein, and zein protein (Fig. 1) . Moisture content decreased in a nearly linear fashion from 15 to 40 DPP, as storage products replaced kernel water. After 40 DPP kernels continued to lose moisture but at a slower rate and very little dry weight accumulated. Kernel-fill had ceased by the time moisture dropped to about 37%. The total DNA content of developing maize kernels rose to a maximum at 30 DPP, and then decreased slightly during the final period of kernel development (Fig. 2) . The total RNA contents of developing kernels reached a maximum at 20 DPP, then decreased by about 40% at 25 DPP and remained fairly constant throughout the remainder of development (Fig. 2) . To determine possible changes in relative copy number for genes central to kernel development, DNA dot blots from kernels from 10 to 55 DPP were hybridized with radiolabelled probes of the Shrunken-1, aldolase, Waxy, Shrunken-2, Brittle-2, and a-zein genes. Despite dramatic changes in total DNA content of developing maize kernels, the amount of radiolabelled probe hybridizing with 15 ug of kernel DNA was fairly constant (within 15% of the mean) with each probe throughout development (data not shown).
Relative transcript abundance of the Shrunken-1, a-zein, aldolase, Waxy, Shrunken-2, and Brittle-2 genes was determined by RNA gel blot analysis of total RNA. Transcript levels of the genes examined were very low at 10 DPP, then increased rapidly and peaked at 15 or 20 DPP (Fig. 3) . Transcripts remained relatively high from 15 to 30 DPP, then decreased to virtually undetectable levels by 55 DPP.
Activities of 17 different enzymes were measured during development and are shown expressed as units kernel" ' (Figs 4, 5) . Developmental patterns of activity varied among the enzymes surveyed, although most activities increased up to 30 DPP, then decreased.
Correlation analysis indicated that the rate of starch accumulation, as expressed as mg starch kernel ~' day "', was correlated significantly with both ADP-Glc pyrophosphorylase activity (expressed as units kernel ') and Shrunken-2 transcript abundance (expressed as counts kernel" 1 ) from 20 to 55 DPP (Table 1) . Brittle-2 transcript abundance also correlated significantly with those of Shrunken-2 (Table 1) . Although there were good correlations between Brittle-2 transcripts and both starch accumulation and ADP-Glc pyrophosphorylase activities, these correlations were not significant at the 0.05 level. Rates of starch accumulation also were correlated significantly with transcript abundance of Waxy (r=0.98, />=0.01) and aldolase (r=0.93, P=0.02). Rates of zein accumulation (mg zein N kernel ' day ') were correlated with oc-zein transcript (r =0.97, P =0.006).
Discussion
During the lag phase of kernel development (from 0 to 15 DPP), very little dry weight, starch or zein protein accumulated in developing maize kernels (Fig. 1) . Most enzyme activities were also relatively low during this interval (Figs 4, 5) . However, transcript levels of the genes measured had reached Days Postpollination Figure 5 . Activities of UDP-GIc pyrophosphorylase, phosphoglucomutase, UTP-fructokinase, ATP-fructokinase, glucokinase, aspartate aminotransferase, alanine aminotransferase, sorbitol dehydrogenase and pullulanase in developing kernels of the maize inbred OH43. Each point is the mean of four replications+ SE.
relatively high levels by 15 DPP (Fig. 3) . Most of these transcripts did not appear to have been translated during that interval as evidenced by low activities of ADP-GIc phyrophosphorylase, sucrose synthase and aldolase at 15 DPP (Fig. 4) , and a relatively low rate of zein accumulation between 10 and 15 DPP (Fig. 1) . At 20 DPP, transcripts were still very abundant and enzyme activities increased appreciably. The appearance of the enzyme activities marked the initiation of the kernel-fill period. Although abundant transcripts were present at 15 DPP, the lack of translation of these transcripts may have been due to an limitation of some portion of the RNA translation/protein synthesis mechanisms or to some other mechanism of post-transcriptional regulation (Gallie, 1993) . Translational controls of storage protein accumulation in early stages of wheat kernel development have been reported by Reeves et al. (1986) and for oat globulin accumulation in developing oat endosperms (Fabijanski and Altosaar, 1985) . Because total RNA largely reflects rRNA, the large increase in total RNA between 15 and 20 DPP (Fig. 2) may be responsible for the sudden increase in translation of transcripts. DNA contents of kernels increased linearly from 10 to 30 DPP (Fig. 2 ) which is consistent with that reported by Ingle et al. (1965) . Because most cell division in the endosperm is complete by 12 DPP (Kowles and Phillips, 1988) , the continued increase in DNA per kernel is probably due to endoreplication. The significance of this process to gene transcription is not clear because endoreplication appeared to have no relationship with patterns of gene expression. Relative transcript abundance was greatest at 15-20 DPP and then decreased, whereas kernel DNA content continued to increase. When DNA levels reached their maximum at 30 DPP, many transcripts were less than half of their maximum amount. The accumulating DNA may function as a storage product (Bewley and Black, 1985) . The DNA, which remains in the mature kernel (Fig. 2) , may be hydrolysed following germination to provide nucleotides to the young seedling.
During the kernel-fill period, the activity of ADPGlc pyrophosphorylase correlated well with its transcripts {Shrunken -2 and Brittle -2), as well as with the rate of starch accumulation expressed on a per kernel basis (Table 1) . This enzyme activity appears to be dependent on its transcript levels, and also appears to be important in controlling starch accumulation. Reeves et al. (1986) also found a close correspondence between transcript levels of ADP-Glc pyrophosphorylase and its abundance in developing wheat kernels. In contrast, there was very little correlation between transcript levels for sucrose synthase (Shrunken-1) and aldolase with the corresponding enzyme activities.
From 20 and 55 DPP, oc-zein transcript level was highly correlated with the rate of zein accumulation (r =0.97, P =0.006) indicating that zein accumulation is dependent on transcript abundances.
Kernel development during the final desiccation phase is marked by a decline of transcript, a cessation of dry matter accumulation and a marked decrease in activities of most enzymes. Kernel-fill ended essentially when kernel moisture content fell to 36%. Whether this is due to control of gene expression, or due to a lack of sufficient solvent to keep water-soluble substrates reacting to form storage products is not clear. Both factors are probably involved.
